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ABSTRACT 


Large  linear  arrays,  when  excited  by  pulses  of  very  short  duration,  in  the  order  of  a 
few  cycles,  with  all  elements  excited  simultaneously,  give  rise  to  radiation  patterns 
which  have  a  very  non-uniform  side  lobe  structure,  and  result  in  degradation  of  the 
main  lobe  if  the  pulses  are  too  short. 

This  report  presents  a  set  of  pulses  produced  at  given  points  in  space  as  a  result  of 
exciting  an  array  of  49  elements,  with  half-wave  spacing,  by  pulses  of  five  cycles  and 
less,  the  phase  of  the  excitation  was  varied  to  cause  the  main  lobe  to  scan  through 
20  degrees  off  boresight.  The  techniques  for  applying  the  results  to  excitations  of 
more  than  five  cycles  were  given. 

A  family  of  radiation  patterns  are  given,  to  show  the  variations  in  the  patterns  as  a 
function  of  time,  for  the  several  pulse  durations  studied.  The  curves  clearly  show 
the  build-up  and  decay  of  the  patterns;  the  fluctuations  in  the  side  lobe  structure, 
and  the  growth  and  decay  of  the  main  lobe  both  in  width  and  amplitude. 

It  was  concluded  that  this  method  of  excitation  and  lobe  switching  is  feasible 
provided  the  minimum  pulse  duration  is  determined  for  the  given  array  size  and 
desired  scan  angle,  based  upon  specified  limits  in  main  lobe  degradation.  Side  lobe 
suppression  could  be  provided  by  appropriate  selection  of  amplitude  distribution. 
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I.  INTRODUCTION 


1 . 1  Statement  of  the  Problem 

The  far  field  radiation  patterns  for  arrays  of  di¬ 
poles  has  been  discussed  in  the  literature  in  much 
detail  but  in  general  little  or  no  consideration  is 
given  to  the  time  variations  of  the  field.  The  ma¬ 
jority  of  the  references  recognize  that  the  field  is  a 
function  of  <jt  and  due  recognition  of  the  relative 
phasing  is  made.  The  standard  patterns  as  gen¬ 
erally  presented  show  field  intensity  or  power  as 
a  function  of  polar  or  azimuthal  angle  of  constant 
range.  For  most  applications  the  information  pre¬ 
sented  in  these  patterns  is  ample.  For  pulsed  trans¬ 
missions  the  pulse  duration  is  frequently  large 
compared  to  the  build-up  and  decay  times  so  that 
these  times  are  of  minor  importance.  For  many 
radar  systems  the  received  signal  is  not  influenced 
appreciably  by  the  time  variations  in  the  antenna 
patterns. 

With  the  advent  of  extremely  large  arrays  and 
very  short  pulses,  the  time  variations  in  field  in¬ 
tensity  become  a  matter  of  concern.  It  is  the  object 
of  this  report  to  study  the  resultant  antenna  pat¬ 
terns  when  pulses  are  extremely  short  and  the 
arrays  are  very  large.  The  analysis  is  made  for  a 
specific  array  with  assigned  excitation  pulse  dura¬ 
tions,  and  attempts  are  made  to  generalize  the 
data  obtained  to  show  how  the  results  will  vary 
with  changes  in  parameters. 

1 .2  Approach  to  the  Problem 

The  problem  was  studied  for  the  particular 
case  of  simultaneous  excitation  to  all  elements  of 
the  array,  but  with  both  amplitude  and  phase 
distributions  as  variable  parameters. 

In  treating  the  problem  the  customary  assump¬ 
tions  were  made  with  regard  to  far-zone  patterns 
and  ideal  siting.  In  addition,  point  sources  were 
assumed  for  the  array  elements.  To  permit  reason¬ 
able  computations  a  linear  broadside  array  of  49 
elements  was  selected,  with  half-wave  spacing  be¬ 
tween  elements,  resulting  in  an  array  24  wave¬ 
lengths  long.  Only  the  case  of  uniform  amplitude 
distribution  was  considered,  but  several  cases  of 
progressive  relative  phase  were  examined  to  show 
the  variations  in  the  resulting  pattern  as  a  func¬ 
tion  of  beam  location  off  boresight. 


The  analysis  was  made  using  very  short  pulses 
and  the  results  were  extended  to  cover  the  full 
range  of  pulse  durations  from  one  cycle  to  c.w. 
A  study  of  pulse  shapes  incident  upon  the  radar 
target  as  a  function  of  angle  off  boresight  was  an 
inherent  part  of  this  analysis. 

When  the  array  elements  are  excited  by  rela¬ 
tively  long  duration  pulses  the  resultant  pulse  at 
the  distant  target  is  a  composite  whose  duration  is 
increased  over  that  of  the  excitation  pulses  by  an 
amount  equal  to  the  build-up  (or  decay)  time.  This 
time  interval  is  a  function  of  target  angle  off  bore¬ 
sight  and  array  length  (number  of  elements  for  a 
given  element  spacing).  For  large  pulses  the  tran¬ 
sient  buildup  of  the  resultant  pulse  is  followed  by 
an  interval  characterized  by  a  steady-state  sinus¬ 
oidal  wave  whose  duration  is  dependent  upon  the 
excitation  pulse  duration.  The  steady-state  condi¬ 
tion  is  then  followed  by  a  transient  decay  interval 
equal  in  duration  to  the  build-up  time. 

Transmitted  pulses  were  obtained,  for  fixed 
range,  as  a  function  of  azimuth  angle,  for  the  sev¬ 
eral  values  of  relative  phase,  from  data  computed 
on  an  IBM  650  computer.  Conventional  radiation 
patterns  are  readily  obtainable  from  this  data  by 
the  simple  process  of  plotting  the  peak  of  the 
steady-state  sinusoid  for  pulses  of  long  duration  as 
a  function  of  their  respective  azimuth  angles.  In 
this  instance  the  time  factor  is  not  considered.  It 
is  only  necessary  that  the  duration  of  the  excita¬ 
tion  pulses  be  sufficiently  long  so  that  the  steady- 
state  condition  is  reached  throughout  the  range  of 
azimuth  angle  under  consideration.  Symmetry 
considerations  in  many  cases  will  eliminate  the 
necessity  for  computing  pulse  shapes  for  corre¬ 
sponding  angles  to  the  right  and  left  of  boresight. 

As  the  excitation  pulse  duration  is  reduced  a 
situation  will  be  reached  wherein  the  composite 
pulse  does  not  contain  a  steady-state  portion.  In¬ 
stead,  the  transient  decay  will  begin  before  the 
transient  buildup  ends.  This  situation  occurs  first 
at  large  angles  off  boresight,  where  the  difference 
in  path  length  for  the  end  elements  of  the  array  is 
maximum.  As  the  pulse  duration  is  decreased  this 
situation  occurs  for  progressively  smaller  angles 
off  boresight.  The  radiation  pattern  can  no  longer 
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be  determined  in  the  manner  described  above.  In¬ 
stead,  it  must  be  considered  as  a  time-dependent 
phenomenon  and  can  be  determined  from  the 
computed  pulse  shapes  by  selecting  appropriate 
instances  of  time  and  comparing  the  values  of  all 
pulses  at  the  same  instant.  A  family  of  radiation 
patterns  plotted  at  selected  intervals  of  time  show 
the  variations  during  the  interval  from  initial 
buildup  to  final  decay,  as  a  function  of  azimuth 
angle. 

Since  the  resulting  radiation  patterns  bear  little 
resemblance  to  the  conventional  steady-state  pat¬ 
terns,  a  family  of  patterns  was  obtained  to  show 
the  variations  as  a  function  of  time  for  patterns 
resulting  from  excitation  pulses  of  long  duration, 
examined  during  the  steady-state  interval.  These 
were  then  used  as  the  reference  patterns  when  the 
excitation  pulses  .were  reduced  in  duration  below 
the  point  where  the  transient  decay  began  before 
the  end  of  the  build-up  interval. 

In  the  specification  for  the  study  of  this  prob¬ 
lem  the  range  of  excitation  pulse  durations  to  be 
considered  was  given  by 
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(1-1) 


where 

L  =  array  length 

C  =  velocity  of  light 

x  =  excitation  pulse  duration 

0„  =  scan  angle  measured  from  broadside  with 
beam  scan  angles  ranging  from  0  to  ±45°. 


In  terms  of  N  array  elements  with  equal  separa¬ 
tion,  d,  L  =  (N  —  l)d 

x  =  —  sin  80  sec.  (1-2) 

where 

0.1  ^p^  10 

For 


p(N  —  l)X  .  „ 
x  =  sin  0O  sec. 


(1-3) 


Since  one  cycle  of  r-f  has  a  duration  of  T  seconds 

(1-1) 


x  =  sin  0o  cycles 


i  . 


Substitution  of  C  =  Xf  and  f  =  —  intoEq.  (1-4) 


results  in 


x  =  -  sin  0O  cycles  (1-5) 

as  the  expression  for  the  excitation  pulse  duration. 

Future  reference  to  the  excitation  pulse  dura¬ 
tion,  x,  will  be  in  terms  of  cycles  of  excitation, 
rather  than  time,  to  eliminate  frequency 
dependence. 
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II.  PULSE  SHAPE  COMPUTATION 


* 
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2.1  Composition  of  Pulses 

A  pulse  incident  upon  a  distant  target  is  a  com¬ 
posite  of  the  sinusoidal  radiations  from  each  of  the 
array  elements.  Since  in  general  the  path  length 
from  the  several  elements  to  the  target  differs,  the 
sinusoids  will  arrive  with  essentially  the  same  am¬ 
plitude  but  differing  in  phase.  The  difference  in 
path  length  is  too  small  to  produce  a  measurable 
amplitude  difference. 

The  phase  difference,  '*Ir,  in  degrees,  between 
sinusoids  from  adjacent  elements,  can  be  ex¬ 
pressed  as 

'F  =  dr  sin  e  +  'I'„  (2-1) 

where  dr  is  the  distance  in  electrical  degrees  be¬ 
tween  sources,  (X/2  separation  corresponds  to  1 80 
degrees),  6  is  the  azimuth  angle  of  the  target  off 
boresight,  and  Wo  is  the  phase  difference  in  degrees 
between  the  excitations  to  adjacent  elements.  The 
term  dr  sin  0  is  the  contribution  to  the  phase  dif¬ 
ference  due  to  the  difference  in  path  lengths. 

We  may  arbitrarily  choose  any  element  of  the 
array  of  N  elements  as  our  reference,  and  the  selec¬ 
tion  of  the  reference  element  can  be  made  a  matter 
of  convenience  in  programming  a  computer.  It 
should  be  understood  that  VF0  is  a  controllable 
phase  angle,  which  determines  the  location  of  the 
main  lobe  of  the  array  pattern,  and  carries  an  ap¬ 
propriate  sign  to  provide  phase  lead  or  lag.  We 
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will  assume  that  the  excitation  pulse  durations 
are  integral  multiples  of  the  period  of  a  sine  wave 
and  the  reference  pulse  has  zero  phase. 

Assume  that  the  right  hand  element  of  the 
array,  as  shown  in  Figure  2.1,  is  the  reference 
element,  and  that  a  progressive  phase  difference, 
'Fo,  is  established  relative  to  that  element.  The 
radiation  fields  from  each  of  the  N  elements  ar¬ 
riving  at  a  distant  target  located  at  an  angle,  8, 
will  be  delayed  by  an  amount  equal  to  (n— l)dr 
sin  6,  where  n  is  the  element  number,  ranging 
from  1  to  N.  The  phase  difference,  *F„,  of  the  ex¬ 
citation  of  the  nth  element  relative  to  that  of  the 
first  will  be: 

'F„  =  (n-l)(drsin<M-VF0)  (2-2) 

The  resultant  pulse  arriving  at  the  target  can 
be  determined  by  summing  the  waveforms  from 
all  elements.  Figure  2.2  illustrates  the  form  of  the 
individual  waves  as  they  arrive  at  the  target,  using 
time  t  =  0  as  that  time  at  which  the  wave  from 
the  nearest  element  arrives  at  the  target.  In  this 
illustration  a  leading  constant  phase,  'Fo.  was 
chosen. 

If  all  elements  were  simultaneously  excited  in 
phase  the  curves  in  Figure  2.2  would  all  be  sinus¬ 
oids  given  by 
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FIGURE  2.1  Array  Orientation 
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FIGURE  2.2  Individual  Waves  Arriving  at  Point  in  Space  from  Successive  Radiators 


with  amplitudes  normalized,  separated  by  time  td 
which  is  then  a  function  of  element  spacing  and 
angle  8,  given  by  (N  —  l)dr  sin  8,  for  each  succes¬ 
sive  element.  This  is  illustrated  by  the  dotted  por¬ 
tions  of  the  curves.  When  'I',,  is  changed  from  zero, 
again  with  simultaneous  excitation,  the  relative 
phase  difference  is  changed,  and  for  negative 
W0  this  becomes  an  increase  in  phase  difference. 
In  addition,  since  all  elements  are  excited 
simultaneously,  all  waves  have  their  leading 
portions  clipped  by  an  amount  which  is  a 
function  of  To  and  element  number.  The  time 
delay,  td,  for  the  arrival  of  successive  waves  at  the 
target,  is  not  only  a  function  of  'Fnl  but  also  the 
clipped  portion  of  the  waveform  must  be  con¬ 
sidered.  This  latter  consideration  radically  alters 
the  shape  of  the  leading  and  trailing  edges  of  the 
resultant  waveform  and  is  particularly  important, 
when  very  short  duration  pulses  are  used.  In 
Figure  2.2  no  particular  excitation  pulse  dura¬ 
tion  is  assumed,  hence  the  sinusoids  are  broken  off 
before  actual  termination.  The  resultant  pulse 
shape,  obtained  by  a  summation  of  clipped  sinus¬ 
oids,  each  displaced  in  time  by  the  delay  time  td,  is 
characterized  by  a  build-up  interval  consisting  of 
a  succession  of  step  changes  in  amplitude  until 
such  time  as  the  last  signal  arrives  at  the  target.  In 
the  normalized  pulse  diagrams,  in  which  the  sum¬ 
mation  is  divided  by  the  number  of  elements  to 
produce  a  maximum  amplitude  of  unity  for  the 
zero  phase  case,  the  relative  amplitudes  of  the  in¬ 


dividual  step  discontinuities  are  negligible  insofar 
as  reproducing  them  on  the  pulse  diagrams  is 
concerned.  The  diagrams  are  smooth-curve  ap¬ 
proximations  of  the  steps  illustrated  in  Figure  2.3 
which  is  a  magnified  segment,  not  normalized,  to 
show  the  way  the  leading  portion  is  formed.  In 
this  figure  '1J„  is  arbitrary. 

To  obtain  the  representative  pulse  shapes  as  a 
function  of  azimuth  edges  and  as  a  function  of 
progressive  phase  angle,  Wo,  an  IBM  650  computer 
was  programmed  to  produce  data  which  could  be 
plotted  against  time,  with  the  time  scale  converted 
to  equivalent  electrical  degrees. 

2.2  Method  of  Computation 

The  details  of  the  computer  program  will  not 
be  presented  here  since  they  are  a  function  of  the 
particular  computer  used.  With  more  extensive 
facilities  than  was  available  for  this  task  the  com¬ 
putation  time  could  be  reduced  and  it  could  be 
possible  to  plot  the  results  directly,  a  technique 
which  also  was  not  available  for  this  work.  Some 
general  comments  could  prove  useful,  however. 

The  technique  used  to  compute  the  resultant 
pulse  at  a  specified  range  for  a  given  phase  angle 
and  given  azimuth  angle  was  essentially  one  of 
sampling  data.  The  amplitude  of  the  individual 
sinusoids  from  each  of  the  49  elements  was  com¬ 
puted  at  selected  intervals  of  time.  Obviously  the 
shorter  this  interval  the  closer  will  be  the  approxi¬ 
mation  to  the  true  pulse  shape.  However,  shorten- 
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FIGURE  2.3  Pulse  Formation  Magnified 


ing  the  sampling  time  interval  increases  the 
number  of  computations  necessary  for  determina¬ 
tion  of  a  given  pulse,  and  hence  increases  the 
computer  time.  A  compromise  must  be  made.  The 
interval  between  sample  points  was  chosen  equal 
to  30  electrical  degrees,  after  comparison  with 
computations  made  with  much  smaller  intervals 
between  sample  points.  A  negligible  loss  in  detail 


is  experienced  by  the  choice  of  interval  duration 
that  was  selected.  Although  this  interval  may  ap¬ 
pear  to  be  large  when  excitations  of  a  very  few 
cycles  are  considered,  it  results  in  a  large  number 
of  sample  points  due  to  the  large  incident  pulse 
duration  which  occurs  at  moderately  large  azi¬ 
muth  angles.  On  the  other  hand,  an  appreciable 
increaseln  interval  duration  to  reduce  the  number 
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of  sample  points  and  thereby  reduce  computation 
time  results  in  too  much  loss  of  detail  in  the  com¬ 
puted  pulses  and  hence  in  the  antenna  patterns. 

Computation  of  pulse  waveforms  incident 
upon  a  target  was  accomplished  by  programming 
the  computer  to  sum  N  sinusoidal  waveforms 
having  progressive  phase  differences  as  given  by 
equation  2-2  with  dr  fixed  at  XI 2  =  180°  and  with 
assigned  values  of  'P0.  For  a  given  value  of  azimuth 
angle  8  the  program  provided  a  set  of  values  of 
instantaneous  normalized  field  intensity  at  30 
electrical  degree  intervals  (in  lieu  of  time  inter¬ 
vals)  from  ut  =  0  to  the  value  of  cat  corresponding 
to  the  termination  of  the  particular  pulse.  The 
program  involved  summation  of  N  sinusoids,  with 
the  clipped  leading  portion  of  each  sinusoid  re¬ 
moved  in  accordance  with  the  equation  (n  —  1)^(0. 
Since  the  wave  train  from  element  1  could  termi¬ 
nate  before  the  wave  train  from  element  n,  where 
1  <  n  ^  N,  arrives  at  the  target,  which  is  the  case 
when  (n— l)td>t  (the  excitation  pulse  duration), 


the  computer  program  was  written  to  handle  this 
situation.  For  many  of  the  computed  pulses  the 
instantaneous  field  intensity  consisted  of  the  sum¬ 
mation  of  less  than  N  sinusoids  throughout  the  en¬ 
tire  duration  of  the  incident  pulse.  The  program 
provided  for  the  summation  of  a  maximum  of  N 
sinusoids.  For  these  pulses  the  steady-state  condi¬ 
tion  was  reached  prior  to  the  termination  of  the 
first  sinusoid.  This  condition  is  a  function  of  both 
the  time  t  and  the  angle  6.  Considerable  computer 
time  was  saved  by  programming  the  computer  to 
recognize  the  steady-state,  since  this  portion  of  the 
incident  pulse  is  a  sinusoid. 

For  each  value  of  'F0,  and  each  selected  value 
of  8,  computations  were  made  for  several  values 
of  t.  The  values  of  8  selected  for  these  computa¬ 
tions  were  initially  chosen  with  equal  increments, 
but  subsequent  intermediate  values  of  8  were  later 
chosen  for  points  where  more  detail  in  the  an¬ 
tenna  pattern  was  needed.  Predetermination  of 
critical  points  was  not  possible. 


III.  ANALYSIS  OF  INCIDENT  PULSES 


Pulse  shapes  and  radiation  patterns  were  ob¬ 
tained  for  progressive  phase  differences  of  0°,  30°, 
45°,  and  60°  with  a  spread  of  the  azimuth  angle 
in  each  case  selected  to  cover  at  least  the  first  side 
lobe  of  the  conventional  radiation  pattern,  each 
side  of  the  main  lobe.  Selected  pulse  shapes  and 
radiation  patterns  are  shown  in  this  report  to 
illustrate  representative  trends,  rather  than  in¬ 
cluding  all  the  computed  pulses  and  patterns, 
since  the  volume  of  data  is  very  large.  It  has  been 
concluded  that  inclusion  of  every  pattern  would 
serve  no  useful  purpose,  since  these  curves  apply 
to  a  particular  array  of  49  elements.  Correspond¬ 
ing  patterns  for  arrays  of  other  than  49  elements 
would  differ  in  detail,  and  must  be  computed  for 
the  array  in  question  if  such  detail  should  be 
desired.  Sufficient  patterns  have  been  included  to 
provide  support  for  the  analysis. 

3.1  Uniform  Amplitude  Constant  Phase 

This  is  the  conventional  broadside  array  with 
the  main  beam  normal  to  the  line  of  elements. 
Since  sin  9  =  0  for  5  =  0°  and  since  Wo  =  0  the 
radiation  from  all  elements  will  arrive  at  the 
target  simultaneously  in  phase  when  the  target  is 
on  boresight  (6  =  0°).  Hence  for  this  position  the 
resultant  pulse  will  be  a  sinusoid  with  a  normal¬ 
ized  amplitude  of  one,  (normalization  being  ac¬ 
complished  by  dividing  the  amplitude  by  N,  the 
total  number  of  elements  in  the  array,  with  unit 
amplitude  distribution  assumed)  and  a  duration 
t,  the  excitation  pulse  duration.  The  resultant 
pulse  in  no  way  differs  from  the  conventional 
pulse,  therefore  this  diagram  is  not  shown. 

As  the  angle  off  boresight,  9,  increases,  two 
effects  are  noted.  The  leading  edge  of  the  resultant 
pulse  begins  to  deviate  from  the  sinusoidal  form, 
the  amplitude  of  the  steady-state  portion  of  the 
pulse  (if  such  exists)  is  reduced,  and  the  trailing 
edge  of  the  pulse  also  deviates  from  the  sinusoidal 
form.  The  pulse  duration  increases  with  increas¬ 
ing  angle,  but  since  this  increase,  At,  is  not  a 
function  of  the  excitation  pulse  duration,  x,  the 
excitation  pulse  duration  for  a  given  angle  9  is 
increased  by  the  constant  amount  Ax  upon  arrival 
at  the  target,  independent  of  the  number  of  cycles 


present  in  the  excitation  pulse. 

Figures  3.2  and  3.3  illustrate  the  changes  just 
described. 

Figure  3.1  is  a  conventional  normalized  pattern 
for  this  array.  On  this  diagram  the  values  of 
normalized  |E|  have  been  indicated  by  an  X  cor¬ 
responding  to  each  value  of  9  for  which  pulses 
were  computed.  It  will  be  seen  that  in  each  case 
the  |E|  is  the  maximum  of  the  steady-state  portion 
of  the  pulse.  This  pattern  will  be  compared  later 
with  the  time  dependent  patterns. 

Computations  of  pulses  were  made  at  intervals 
of  A0  equal  to  0.5°,  starting  with  9  =  0,  and  some 
additional  computations  at  intermediate  values  of 
9  were  made  at  critical  pattern  points.  Each  figure 
has  a  continuous  steady  state  sinusoid,  following 
a  transient  build-up  interval,  shown  as  a  solid 
line.  For  any  excitation  of  M  cycles  the  incident 
pulse  can  be  constructed  for  any  angle  9  by  lo¬ 
cating  the  point  on  the  appropriate  steady-state 
sinusoid  at  the  time  corresponding  to  360  M 
degrees  and  superimposing  the  standard  trailing 
edge  for  that  9,  provided  M  is  sufficiently  large  so 
that  steady-state  is  attained. 

In  general  the  transient  build-up  of  the  pulses 
attains  a  higher  positive  peak  than  the  subsequent 
steady-state  peaks.  The  transient  decay  has  a  cor¬ 
responding  large  negative  peak.  The  initial  peaks 
are  the  result  of  addition  of  positive  going  sine 
waves,  delayed  in  time  because  of  the  separation 
between  elements  and  a  non-zero  9,  and  because  of 
the  simultaneous  excitations  of  all  the  elements. 
For  t<0  the  excitation  is  zero.  After  t  =  x/2,  half- 
period,  the  negative  portion  of  the  sine  waves  re¬ 
duces  the  total  amplitude  as  shown  in  the  steady- 
state  regions. 

Three  excitation  pulse  durations,  1  cycle,  3 
cycles,  and  5  cycles  were  studied  to  show  the 
growth  of  the  transmitted  pulses  as  a  function  of 
angle  off  boresight.  Comparison  of  the  three 
pulses  for  any  given  angle  6  is  sufficient  to  de¬ 
termine  the  shape  of  any  pulse  of  larger  duration 
provided  the  excitation  has  an  integral  number 
of  cycles  (see  Figure  3.4  for  example).  Fractional 
cycles  will  produce  some  differences.  Trailing  por¬ 
tions  of  the  three  pulses  are  shown  as  dotted  lines 
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FIGURE  3.1 


in  Figures  3.2  through  3.5,  since  there  is  no  over¬ 
lapping  of  trailing  ends  of  pulses  in  this  range  of 
0.  Beginning  with  Figure  3.6  the  resultant  pulse 
duration  exceeds  (M  +  2)360°,  therefore  the  trail¬ 
ing  end  of  pulse  M  will  overlap  the  trailing  end  of 
pulse  M  +  2.  To  avoid  confusion  the  one  cycle 
and  five  cycle  pulses  have  been  omitted.  The 
trailing  end  of  the  five  cycle  pulse  is  the  same  as 
the  three  cycle  pulse  up  to  Figure  3.7  where  the 
three  cycle  pulse  no  longer  has  a  steady  state  por¬ 
tion.  The  trailing  portion  of  the  one  cycle  pulse 
continues  moving  out  as  8  increases. 

Starting  with  about  Figure  3.4  an  interval  ap¬ 
pears  between  the  leading  portion  and  the  trailing 
portion,  for  1  cycle  excitation,  which  is  essentially 
zero  amplitude.  This  interval  starts  at  t  =  t,  the 
excitation  pulse  duration  and  ends  at  t  =  xt. 
where  tt  is  the  transmitted  pulse  duration.  When 
'tt>2t  we  see  this  condition. 

Beginning  with  about  Figure  3.5  a  second  pos¬ 
itive  pulse  appears  in  the  leading  portion,  for 
excitations  of  more  than  one  cycle.  Subsequent 
illustrations  give  these  leading  pulses  the  appear¬ 
ance  of  a  sine  wave  superimposed  on  a  positive  d-c 
component.  The  d-c  component  is  equal  to  Emax 
of  the  sine  wave,  and  is  called  ED. 

Examination  of  the  waveforms  presented  will 
show  that  the  resultant  pulse  is  characterized  by 
three  distinct  portions  for  0>0C.  In  the  interval 
0<ut^o)t1  =  M  360°,  for  M  cycles  excitation,  the 
waveform  can  be  represented  by  the  expression 

|E|  =  Ed  —  Ed  cos  cat  (3-1) 

In  the  interval  tot1<tot^tot2  the  composite  pulse 
is  of  zero  amplitude,  where  tot2  is  a  function  of  8  as 
follows 

tot2  =  (N-l)  X  180  sin  5  (3-2) 

It  corresponds  to  that  instant  of  time  when  the 
radiation  from  the  last  element  arrives  at  the  field 
point  at  the  angle  8.  The  third  portion  of  the  pulse 
can  be  represented  by  the  equation 

|E|  =  —  Ed  +  Ed  cos  tot  (3-3) 

during  the  interval  tot2<totf=tot3  =  M  X  360  + 
(N  —  1)  180  sin  0 .  The  zero  amplitude  portion  of 
the  waveform  in  the  interval  tot1<ttt^tot2  comes 


about  for  the  following  reason.  At  the  time  tj  the 
sum  of  the  waves  (from  q  elements)  which  have 
arrived  up  to  this  time  is  zero.  The  wave  from  the 
q  +  1  element  arrives  at  tj  +  At  but  the  wave 
form  element  1  terminates,  the  sum  remaining- 
zero.  Slight  variations  from  zero  do  occur  during 
the  brief  interval  of  time  between  the  termination 
of  wave  1  and  the  start  of  wave  q  +  1  but  the  vari¬ 
ations  are  negligible. 

The  angle  8C,  introduced  above,  is  the  critical 
angle  off  boresight,  where,  for  a  given  excitation 
pulse  duration,  the  condition  described  occurs. 
It  can  be  computed  from  Eq.  2-2  by  letting  = 
M  X  360°  with  XF0  =  0.  For  the  angle  0C,  wtx  = 
tot2  =  dr  =  X/2  =  180°,  and  (n-l)  =  48  for 
a  49-element  array.  From  Eq.  2-2 


where  M  is  the  number  of  cycles  of  excitation.  The 
values  of  0C  are: 

M  sin  0C  0C 

1  0.0417  2.39°  Compare  Figures  3.3  and  3.4 
3  0.1250  7.18°  Compare  Figures  3.6  and  3.8 
5  0.2083  12.02° 


3.2  Uniform  Amplitude, 

30°  Leading  Phase 

A  30°  progressive  phasing  of  the  array  elements 
produced  several  effects  which  differ  from  the 
uniform  phase  case.  The  main  beam  now  appears 
at  approximately  9.6°  off  axis  as  shown  in  Figure 
3.9  which  is  the  normal  pattern  for  the  array.  The 
crosses  indicate  angles  for  which  pulse  computa¬ 
tions  were  made.  Not  all  pulses  are  illustrated 
herein.  Figure  3.10  is  the  pulse  diagram  for  this 
value  of  8,  showing  the  steady-state  waveform 
reaching  a  normalized  value  of  one  but  only  after 
a  build-up  time  equivalent  to  about  four  cycles  of 
excitation.  Obviously,  only  pulses  of  more  than 
four  cycles  duration  will  build  up  to  the  steady- 


FIGURE  3.9  Conventional  Radiation  Patter  \)i0  =  30° 
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FIGURE  3.10  Transmitted  Pulse  Shapes  !(>„  =  30“  8  =  9.594 


state  normalized  value  of  one  before  the  trailing 
end  begins.  We  will  see  that  an  increase  in  pro¬ 
gressive  phase  angle  will  result  in  an  increase  in 
this  build-up  time. 

Figures  3.11  through  3.14  are  representative 
patterns  for  progressively  larger  values  of  6.  They 
serve  to  illustrate  trends  in  pulse  variations  for 
increasing  .0  and  increasing  excitation  pulse  dura¬ 
tion.  At  this  point  a  clarifying  statement  regarding 
interpretation  of  the  pulse  diagram  is  in  order.- 
Each  diagram  represents  a  composite  of  the  signal 
arriving  at  a  target  point  in  space  under  condi¬ 
tions  o,f  (a)  very  long  pulses,  shown  as  the  solid 
curve,  (b)  pulses  resulting  from  array  excitations 
of  one  cycle,  three  cycles,  and  five  cycles,  shown  in 
parra  solid  lines,  in  part  as  broken  lines.  In  some 
diagrams  all  three  excitations  are  illustrated.  In 
others,  where  overlapping  occurs,  one  or  two  ex¬ 
amples  may  be  omitted  for  clarity,  with  the  selec¬ 
tion  of  those  to  be  illustrated  being  based  upon 
the  information  that  they  show.  To  see  a  full  pulse 
one  should  start  at  wt  =  0  and  trace  along  the 
solid  curve  to  wt  =  360,  1080,  or  1800,  depending 
upon  whether  the  excitation  was  one,  three  or 
five  cycles.  From  these  points  a  broken  curve  will 
be  followed  to  its  end  to  trace  out  the  remainder 
of  the  pulse. 

Peculiarities  begin  to  appear  in  Figure  3.12  for 
6  =  12.0°,  which  is  very  close  to  the  first  null  in 
the  normal  radiation  pattern.  For  long  duration 
pulses  (M  is  greater  than  five  cycles)  there  is  a 
build-up  in  signal  strength  which  is  considerably 
greater  than  the  peak  steady-state  value  (0.32  com¬ 
pared  with  0.015).  The  one-cycle  and  three-cycle 
pulses  reach  a  maximum  value  and  maintain  this 
value  through  several  oscillations,  but  the  five- 
cycle  pulse  decays  toward  the  value  attained  in  the 
steady  state  by  the  cw  case,  and  then  builds  back 
up  to  the  maximum  before  finally  falling  off  to 
zero.  Pulses  of  more  than  five  cycles  duration  of 
the  excitation  would  all  behave  in  the  manner  of 
the  five  cycle  pulse  for  this  angle,  6,  the  only  dif¬ 
ference  being  the  number  of  cycles  of  steady-state 
appearing  between  the  two  transient  portions. 

In  figure  3.13  a  different  type  of  variation  from 
the  sinusoid  is  represented,  in  the  region  1000 
degrees  <o>t<1600°.  This  variation  appears 
again  in  the  5  cycle  pulse  in  the  range  2100°  <o>t 
<2700°  but  has  little  effect  upon  the  one  cycle  and 


three  cycle  pulses.  Pulses  of  more  than  5  cycles 
would  show  the  effect  in  a  similar  manner  to  the  5 
cycles  pulse.  For  larger  values  of  6  the  variation 
changes  in  character  and  location  and,  as  observed 
in  Figure  3.14,  a  second  region  of  deviation  from 
the  sinusoid  appears.  This  results  in  a  region  of 
essentially  zero  amplitude  in  the  range  1800°  < 
ut  <2400°  for  the  5  cycle  pulse.  In  this  diagram 
the  one  cycle  and  three  cycle  pulses  have  been 
omitted  for  clarity,  since  they  overlap  the  five  cycle 
pulse  in  the  region  of  interest.  They  do  not  have 
a  zero  amplitude  region  but  the  three  cycle  pulse 
now  shows  the  variation  which  occurs  in  the 
region  600°  <  tot  <  1200°,  repeated  but  inverted  in 
the  region  2300°<wt<2900°. 

Figures  3:15  through  3.19  are  representative 
pulse  patterns  for  the  angular  range  9°>0>3°. 
In  this  range  similar  effects  are  noted  but  with 
variations  which  result  in  a  lack  of  symmetry  in 
the  instantaneous  radiation  patterns  for  the  an¬ 
tenna,  although  the  steady-state  patterns  are  essen¬ 
tially  symmetrical.  This  will  be  discussed  in  more 
detail  in  the  chapter  devoted  to  radiation  patterns. 
The  differences  in  the  two  sides  are  primarily  due 
to  the  instantaneous  excitation  effects. 

3.4  Uniform  Amplitude, 

45°  Leading  Phase 

Figure  3.20  shows  the  conventional  radiation 
pattern  obtained  with  a  45°  progressive  phase, 
and  uniform  amplitude  excitation  to  the  49-ele¬ 
ment  array.  The  main  lobe  is  centered  at  14.48° 
off  boresight.  Figures  3.21  through  3.26  show  some 
representative  pulse  shapes  for  this  case.  Similar¬ 
ities  can  be  observed  in  comparison  with  the  30° 
case  but  in  general  the  anomalies  are  emphasized. 
Portions  of  the  instantaneous  radiation  patterns 
were  obtained  for  this  case  by  plotting  pulses  for 
the  points  marked  by  crosses  in  Figure  3.20.  Not 
as  many  points  were  computed  for  this  value  of  6 
as  for  the  other  three.  After  some  computations 
were  made  it  was  decided  that  additional  compu¬ 
tations  would  not  furnish  enough  new  informa¬ 
tion  to  justify  the  time  required  to  make  them. 

3.5  Uniform  Amplitude, 

60°  Leading  Phase 

For  this  phase  angle  the  conventional  pattern 
is  shown  in  Figure  3.27  with  points  marked  by 
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FIGURE  3.11  Transmitted  Pulse  Shapes  »ji0  =  30°  0  =  11° 
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FIGURE  3.13  Transmitted  Pulse  Shapes  \i>0  =  30°  9  =  13.0' 


FIGURE  3.17 


FIGURE  3.20  Conventional  Radiation  Pattern  i|i0 
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FIGURE  324  Transmitted  Pulse  Shapes  =  45°  9  =  10.5 


FIGURE  3.27  Conventional  Radiation  Pattern  t|i0  =  00° 
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FIGURE  3.29  Transmitted  Pulse  Shapes  =  60°  9  =  13.5 
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crosses  to  show  the  angles  for  which  pulses  were 
computed.  Representative  pulse  shapes  are  shown 
in  Figures  3.28  through  3.36,  with  only  the  five- 
cycle  excitation  case  illustrated  because  the  pulses 
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for  the  other  two  cases  overlap.  As  with  the  smaller 
phase  angle  cases,  anomalies  appear,  but  moved 
further  out  along  the  base  line  as  would  be 
expected. 
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IV.  INSTANTANEOUS  RADIATION  PATTERNS 


Determination  of  the  radiation  patterns  as  a 
function  of  time  for  each  of  the  several  phase 
angles  considered  was  accomplished  through  the 
use  of  the  large  number  of  pulse  diagrams.  This 
method  was  chosen  rather  than  programming  a 
computer  to  give  the  final  result  directly,  because 
the  latter  method  would  have  required  a  very 
complex  computer  program;  and  would  involve 
an  excessive  amount  of  time  on  the  IBM  650.  A 
computer  with  a  larger  memory  capacity  and  with 
a  plotter  connected  to  the  output  could  conceiv¬ 
ably  do  the  job  at  an  efficient  speed  to  justify  ob¬ 
taining  complete  solutions  from  the  computer. 

The  technique  used  required  the  selection  of 
values  of  |E|  at  the  same  value  of  tot  corresponding 
to  a  particular  instant  of  time  for  all  values  of  6 
computed  for  a  given  excitation  pulse  duration. 
The  data  obtained  in  this  manner  constituted  a 
single  radiation  pattern  for  the  instant  of  time 
selected.  A  large  family  of  these  curves  is  required 
to  show  in  detail  how  the  radiation  pattern  fluctu¬ 
ates  as  a  function  of  time  and  as  a  function  of  pulse 
duration.  However,  a  certain  amount  of  work  is 
saved  by  recognizing  that  some  of  the  radiation 
patterns  can  be  applied  to  pulses  of  different  ex¬ 
citation  durations.  The  time  intervals  ranging 
from  0°  <wt<  Mk360°  apply  for  all  excitation 
pulses  of  durations  T=^Mk360°,  since  that  portion 
of  the  resultant  pulses  is  the  same  for  all.  Mk  is  the 
number  of  cycles  in  a  particular  pulse.  For  every 
new  Mj(Mj>Mk)  it  is  only  necessary  to  plot  addi¬ 
tional  patterns  for  values  of  wt  in  the  range  for 
which  the  resultant  pulses  are  not  alike. 

The  amount  of  information  that  is  obtained 
from  the  plots  of  the  instantaneous  radiation  pat¬ 
terns  becomes  a  function  of  the  increments  of  6 
that  are  selected  when  plotting  pulses,  and  the 
intervals  of  time  selected  for  computing  the  pulses 
and  also  in  plotting  patterns.  The  two  time  in¬ 
tervals  for  these  two  operations  are  not  necessarily 
the  same.  For  this  work  the  pulse  shapes  were 
computed  using  wt  =  30°  for  the  time  intervals, 
whereas  wt  =  90°  was  chosen  for  obtaining  radi¬ 
ation  patterns. 

Patterns  were  plotted  as  |E|  vs.  6  with  relative 


phasing  shown  by  plus  and  minus  signs  under  the 
appropriate  portions  of  the  curves.  This  was 
found  helpful  in  comparing  the  curves,  as  an  aid 
in  observing  changes  in  specific  side  lobes. 

Presentation  of  the  patterns  in  a  manner  which 
clearly  illustrates  how  the  radiation  patterns  fluc¬ 
tuate  with  time  is  extremely  difficult.  A  single 
diagram  presentation  was  attempted  for  the  one- 
cycle  case  but  even  with  colored  pencils  the  dia¬ 
gram  became  very  difficult  to  read  with  only  the 
first  five  curves  plotted,  in  the  range  0<wt<450°. 
In  a  black-and-white  presentation,  as  a  technical 
report  is  generally  printed,  one  must  resort  to  a 
variety  of  broken  lines,  all  different.  The  diagram 
then  becomes  even  more  difficult  to  read.  Hence, 
selected  patterns  have  been  shown  as  separate 
diagrams,  grouped  initially  by  phase  angle  and 
secondarily  by  excitation  pulse  duration.  The 
patterns  could  be  studied  either  by  examining 
successive  patterns  or  by  observing  variations 
among  all  patterns  which  are  separated  in  wt  by 
intervals  of  360°. 

4.1  Uniform  Amplitude,  Zero  Phase 
Radiation  Patterns 

Patterns  for  the  uniform  amplitude,  zero  phase 
case  are  presented  first.  Figures  4.1  through  4.7 
show  pattern  variations  for  the  one-cycle  case. 
Figures  4.8  through  4.21  show  the  variations  for 
the  three-cycle  case.  Figures  4.1  through  4.4  apply 
to  this  case  also,  for  values  of  wt  through  360°. 
Figures  4.22  through  4.33  show  the  variations  in 
the  pattern  for  the  5-cycle  case. 

4.2  Uniform  Amplitude,  30°  Progressive 
Phase  Radiation  Patterns 

For  the  30°  phase  angle  case,  with  one  cycle 
excitation  pulse,  the  variations  in  the  radiation 
patterns  are  illustrated  in  Figures  4.34  through 
4.37.  These  four  diagrams  are  shown  primarily 
because  they  apply  to  the  3  and  5  cycle  cases  as 
well.  Figures  4.38  and  4.39,  when  compared  with 
Figures  4.34  and  4.35,  show  how  the  patterns  have 
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changed  after  a  lapse  of  time  equivalent  to 
cot  =  720°.  No  additional  patterns  are  shown  for 
this  case  because  the  trends  are  well  illustrated  by 
the  other  two  cases  although  to  a  much  greater 
degree.  In  fact,  the  five  cycle  case  can  serve  to 
illustrate  the  shorter  pulse  behavior,  but  repre¬ 
sentative  patterns  for  the  other  cases  are  shown  to 
present  the  deviations  from  the  five  cycle  case. 

Figures  4.40  through  4.51  represent  the  three 
cycle  case,  including  those  of  the  1  cycle  case 
which  apply;  namely,  Figures  4.34  through  4.37. 
Some  intermediate  values  of  cat  have  been  omitted. 

Figures  4.52  through  4.64  represent  the  five 
cycle  case,  including  those  of  the  one  cycle  case 
(Figures  4.34  through  4.37)  and  the  three  cycle 
case  (Figures  4.40  through  4.44)  which  apply. 
Again,  some  intermediate  values  of  cat  have  been 
omitted. 


4.3  Uniform  Amplitude,  45°  Progressive 
Phase  Radiation  Patterns 

Figures  4.65  through  4.97  represent  the  in¬ 
stantaneous  radiation  patterns  for  the  45°  phase 
case.  Figures  4.65  through  4.68  for  the  one  cycle 
pulse  case  apply  to  both  the  three-cycle  and  the 
five  cycle  pulse  cases,  and  Figures  4.74  through 
4.78  for  the  three  cycle  case  also  apply  to  the  five 
cycle  pulse  case. 

4.4  Uniform  Amplitude,  60°  Progressive 
Phase  Radiation  Patterns 

Figures  4.98  through  4.138  represent  the  instan¬ 
taneous  radiation  patterns  for  the  60°  phase  case. 
Figures  4.98  through  4.101  apply  to  both  the  three 
cycle  and  the  five  cycle  pulse  cases,  and  Figures 
4.107  through  4.110  apply  to  the  five  cycle  pulse 
case. 
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V.  ANALYSIS  OF  RADIATION  PATTERNS 


A  critical  examination  of  the  data  compiled  in 
this  study  shows  some  very  interesting  features 
which  are  a  result  of  using  very  short  pulses,  and 
others  which  are  caused  by  the  instantaneous  ex¬ 
citation  aspect. 

Because  of  the  peculiar  appearance  of  the  radi¬ 
ation  patterns,  when  viewed  by  anyone  who  is 
accustomed  to  seeing  the  conventional  patterns,  a 
set  of  instantaneous  patterns  were  made  for  the 
case  where  the  antenna  is  excited  by  long  duration 
pulses.  The  time  was  chosen  such  that  all  tran¬ 
sients  had  died  out,  using  the  solid  curves  on  the 
pujse  diagrams.  The  technique  for  plotting  these 
patterns,  was  the  same  as  before.  Figures  5.1 
through  5.4  show  patterns  for  the  30°  phase  case 
with  values  of  <ot  separated  by  90°.  The  four  pat¬ 
terns  show  the  variations  through  one  full  cycle  of 
excitation.  Comparison  of  these  diagrams  with  the 
conventional  pattern  for  the  30°  phase  case,  Fig¬ 
ure  3.9,  show  some  radical  differences.  One  should 
keep  in  mind  that  these  patterns  are  changing  with 
time  at  a  rate  governed  by  the  source  frequency, 
and  that  a  field  strength  meter  would  not  show 
these  variations  but  only  the  peak  (or  rms)  value 
with  no  indication  of  manner  of  variation  with 
time. 

5.1  Uniform  Amplitude,  Constant  Phase 

The  time  variation  in  the  radiation  patterns  for 
the  one  cycle  excitation  pulse  case  are  character¬ 
ized  by  the  initial  appearance  of  a  single  main 
lobe,  with  no  side  lobes,  but  instead  the  main  lobe 
gradually  tapers  to  zero.  As  time  progresses,  the 
amplitude  of  this  lobe  decreases  and  splits  into 
two  peaks  which  move  away  from  the  on-axis 
position.  These  two  peaks  very  rapidly  attenuate 
to  zero.  Meanwhile  a  central  lobe  of  opposite 
phase  appears  on  the  axis.  It  too  splits  into  two 
and  rapidly  attenuates. 

For  the  three  cycle  case  we  can  see  in  more 
detail  the  formation  of  side  lobes  as  the  result  of 
apparent  splitting  of  the  main  lobe  and  progres¬ 
sion  of  the  side  lobes  away  from  the  axis  as  time 
progresses.  In  Figure  4.1  there  are  no  side  lobes, 
in  Figure  4.8  a  single  side  lobe,  as  we  are  accus¬ 
tomed  to  seeing  them,  has  appeared.  In  Figure 


4.12  three  side  lobes  are  present.  Intermediate 
Figures  show  intermediate  steps  and  the  opposite 
phasing  situation.  At  the  end  of  three  cycles  the 
patterns  change  in  character  because  the  transient 
decay  begins  at  this  time.  Prior  to  this  time  the 
pattern  was  undergoing  a  transient  build-up.  The 
transient  decay  is  characterized  by  side  lobes 
which  are  moving  away  from  the  axis  and  decreas¬ 
ing  in  amplitude  as  time  progresses.  A  main  lobe 
is  totally  absent. 

For  the  five  cycle  case,  there  are  five  side  lobes 
present  after  an  elapsed  time  equivalent  to.  three 
cycles  of  excitation.  During  each  half  cycle  an  ad¬ 
ditional  side  lobe  of  appropriate  polarity  appears. 
The  region  of  exponentially  decaying  signal 
strength  which  is  not  characterized  by  the  side 
lobe  structure  but  rather  has  the  form  of  the  side 
lobe  envelope,  is  gradually  being  replaced  by  side 
lobes.  The  envelope  of  the  side  lobes  remains  con¬ 
stant  throughout,  discounting  the  minor  errors 
which  cannot  be  entirely  eliminated,  due  to  the 
computing  and  plotting  procedures  used. 

5.2  Uniform  Amplitude, 

30°  Progressive  Phase 

The  radiation  patterns  for  the  30°  phase  case 
are  entirely  different  in  appearance  from  those  of 
the  zero  phase  case.  Computations  were  carried 
out  in  the  vicinity  of  the  main  beam,  which  is 
centered  at  6  =  9.54.  Symmetries  about  that  angle 
do  not  occur,  as  they  did  in  the  in-phase  case, 
although  as  pulse  durations  increase  the  patterns 
approach  symmetry  in  the  steady  state.  For  short 
pulses  we  are  dealing  more  with  the  transient  than 
the  steady-state  situation  and  this  is  where  the 
extreme  lack  of  symmetry  is  very  evident.  In  all 
pattern  diagrams  if  the  signal  is  zero  for  an  ex¬ 
tended  interval  a  line  is  drawn  along  the  zero 
axis.  If  computations  were  not  made  for  particular 
ranges  of  8  the  curve  is  broken  off  at  some  non¬ 
zero  value  of  |E|.  In  this  case,  lack  of  a  curve  does 
not  imply  zero  signal. 

The  diagrams  for  this  and  subsequent  cases  are 
characterized  by  rapid  fluctuations  in  both  ampli¬ 
tude  and  phase.  For  the  one  cycle  case  a  lobe 
resembling  the  main  lobe  begins  to  appear  in 


Figure  4.38  although  Figure  4.34  has  nothing 
which  could  be  recognized  as  a  main  lobe.  Side 
lobes  begin  to  show  up  to  the  left  of  the  main  lobe 
but  to  the  rigid  there  appears  only  a  wide  lobe. 

The  three  cycle  pulse  patterns  begin  to  take  on 
the  appearance  of  the  instantaneous  pattern 
shown  in  Figure  5.2  but  the  side  lobe  structure 
differs  considerably  (compare  with  Figure  4.45). 
Figures  4.46  through  4.51  show  the  transient  decay 
behavior.  Several  lobes  appear  with  essentially  the 
same  magnitude  which  could  cause  difficulty  in 
target  identification  if  such  short  pulses  were  used. 

For  the  five  cycle  case  we  can  observe  the  build¬ 
up  of  the  pattern  by  comparing  Figures  4.34,  4.36, 
4.40,  4.42,  4.52,  4.54,  4.56  in  that  order,  and  with 
5.2.  The  main  lobe  reaches  unity  for  this  case,  with 
side  lobes  down  to  the  expected  level,  particularly 
on  the  left  side.  The  side  lobes  on  the  right  hand 
side  have  not  completely  developed  but  are  suf¬ 
ficiently  low  level  not  to  be  of  concern.  During  the 
transient  decay,  shown  in  Figures  4.57  through 
4.64,  the  main  lobe  collapses  and  the  side  lobes 
grow.  The  interval  of  time  during  which  the  tran¬ 
sient  decay  could  cause  trouble  because  of  the  high 
side  lobes  that  are  developed  is  equivalent  to 
about  three  cycles.  Since  the  total  elapsed  time 
from  arrival  of  the  initial  signal  at  the  target  to 
the  time  that  the  transient  decay  brings  the  signal 
strength  down  to  the  normal  level  of  the  first  side 
lobe  (<0.2)  is  less  than  10  cycles  of  excitation 
time,  this  amounts  to  a  rather  high  percentage. 

Although  computations  were  not  made  for 
values  of  0>16°  and  0<1°  in  this  case,  the  trends 
of  the  patterns  obtained  led  to  the  conclusion 
that  there  were  no  peculiarities  beyond  these 
points  which  should  be  examined. 

5.3  Uniform  Amplitude, 

45°  Progressive  Phase 

In  this  case  the  main  lobe  has  been  moved  to 
6  =  14.5°.  Computations  were  made  for  the  range 
O<0<15°.  For  the  one  cycle  pulse  a  broad,  rather 
flat,  distribution  first  appeared.  This  was  broken 
up  as  time  progressed,  into  a  string  of  irregular 
lobes,  but  no  well-defined  main  lobe  was  ever  ap¬ 
parent.  Any  one  of  several  lobes  could  have 
qualified. 

For  the  three  cycle  case  the  number  of  side  lobes 
increased,  although  their  forms  were  irregular.  A 


well-defined  broad  main  lobe  appeared,  (see  Fig¬ 
ure  4.78)  but  it  did  not  take  on  the  appearance  of 
the  steady-state  main  lobe  until  fairly  late  in  the 
transient  decay  period  (see  Figure  4.84).  During 
the  transient  decay  the  side  lobes  took  on  the  more 
normal  side  lobe  appearance,  however  they  were 
quite  broad  and  approached  the  main  lobe  in  in¬ 
tensity  (see  Figure  4.85). 

The  five  cycle  pulse  case  developed  a  well  de¬ 
fined  although  quite  broad,  main  beam,  with 
relatively  low,  broad  side-lobes,  in  a  time  interval 
equivalent  to  three  cycles  (see  Figure  4.86).  By  the 
end  of  the  transient  build-up  interval  (wt  =  1800°) 
the  main  lobe  exceeded  0.8  relative  amplitude,  but 
was  still  quite  broad.  The  side  lobes  at  this  time 
were  still  very  irregular.  During  the  transient 
decay  which  followed  the  main  beam  decreased 
slowly  but  side  lobes  grew  very  rapidly,  approach¬ 
ing  but  never  exceeding,  the  magnitude  of  the 
main  lobe;  as  in  the  30°  phase  case,  the  side  lobes 
could  cause  difficulties. 

5.4  Uniform  Amplitude, 

60°  Progressive  Phase 

For  this  case  the  main  lobe  centered  at  about 
19.6°  and  therefore  values  of  0  were  selected 
ranging  from  10°  to  30°.  This  range  included 
several  side  lobes  either  side  of  the  main  lobe  and 
was  considered  to  be  sufficient  to  cover  the  most 
important  peculiarities  that  might  appear. 

As  before,  early  development  of  the  pattern 
showed  spreading  lobes  of  extremely  poor  shape. 
For  the  one  cycle  pulse  these  lobes  were  inade¬ 
quate  and  unusable.  The  transient  decay  pro¬ 
duced  more,  better-defined  lobes  than  appeared 
during  the  build-up  interval. 

A  broad  main  lobe  of  moderate  amplitude  de¬ 
veloped  during  the  transient  build-up  for  the 
three-cycle  case  as  shown  in  Figure  4.111.  As  time 
progressed  this  lobe  narrowed  somewhat  but  this 
occurred  during  the  decay  period  and  therefore  its 
amplitude  continued  to  decrease  with  time,  while 
side-lobes  were  enhanced. 

For  the  five-cycle  case  there  was  a  longer 
transient  build-up  interval  with  consequent  in¬ 
crease  in  main  lobe  height  during  this  time,  reach¬ 
ing  its  maximum  as  shown  in  Figure  4.128.  There¬ 
after  the  transient  decay  began,  with  the  attendant 


growth  of  side  lobes  and  decrease  in  the  main 
lobes. 

5.5  Genera!  Discussion 

Throughout  this  discussion  reference  has  been 
made  to  build-up  intervals  and  decay  intervals. 
Actually  these  intervals  are  rather  difficult  to 
define.  There  is  no  single  instant  when  one  ends 
and  the  other  begins.  One  might  say  that  the 
build-up  time  ends  when  the  energy  from  the  first 
element  terminates.  However,  for  short  pulses,  the 
energy  from  several  elements  might  not  have  ar¬ 
rived  at  the  target  by  this  time.  Path  length  dif¬ 
ferences  could  be  several  wave  lengths,  many  more 
than  a  pulse  length.  The  build-up  and  decay 
terminology  is  therefore  rather  arbitrary. 

Some  additional  discussion  about  general  fea¬ 
tures  of  the  patterns  is  in  order.  Some  of  the 
peculiarities  that  are  observed  in  the  radiation 
patterns  could  be  attributed  to  the  fact  that  very 
short  pulses  are  employed,  and  others  to  the 
instantaneous  excitation  feature.  In  many  applica¬ 
tions  of  phased  arrays  the  excitation  is  fed  in  at 
one  end  and  phasing  is  accomplished  by  adjusting 
the  path  length  between  adjacent  elements,  or  by 
other  phasing  devices.  In  any  case,  a  transient 
build-up  of  the  pattern  is  experienced  which  is  in 
part  due  to  the  time  required  for  each  successive 
element  to  be  energized,  and  in  part  by  the  dif¬ 
ferences  in  path  lengths  from  each  element  to  the 
point  in  space  where  the  field  is  being  measured. 
In  this  study  the  first  of  these  two  delay  times  is 
eliminated.  However,  the  clipped  leading  portion. 


of  the  sine  wave  results,  which  causes  differences 
in  addition  to  those  produced  by  the  instan¬ 
taneous  excitation  feature. 

In  most  array  studies  the  case  of  very  short 
pulses  is  not  considered  but  instead  the  effects  of 
having  the  entire  array  energized  is  of  prime  con¬ 
sideration.  In  this  study,  for  a  large  range  of  the 
angle  6  the  effect  is  similar  to  that  of  having  an 
array  of  much  less  than  the  total  number  of 
elements.  Since  the  wave  from  element  zero  dies 
out  before  that  of  element  k  arrives  (the  wave  from 
clement  k  —  1  having  arrived  just  before  the  wave 
from  element  zero  terminated)  then  the  field  in¬ 
tensity  at  the  target  point  up  to  that  time  is  only 
that  which  would  have  resulted  if  only  k  elements 
has  originally  been  present.  This  phenomena  has 
the  effect  which  is  to  be  expected.  Smaller  arrays 
have  broader  main  lobes  and  larger  side  lobes. 
Comparison  of  Figure  4.52  and  4.123  show  the 
effects  of  shifting  the  main  lobe  away  from  bore- 
sight.  In  Figure  4.123  fewer  elements  formed  the 
apparent  array  than  for  the  case  in  Figure  4.52 
and  therefore  the  main  lobe  is  not  as  high  and  at 
the  same  time  it  is  broader  at  the  base.  This  effect 
is  increased  as  the  main  lobe  is  shifted  further 
from  boresight  to  produce  scanning  of  the  beam. 
Very  short  pulses,  of  the  order  of  a  few  wave 
lengths,  will  result  in  a  diminishing  and  broad¬ 
ening  main  lobe  as  the  beam  is  scanned  away  from 
broadside.  The  same  effect  would  be  produced  by 
increasing  the  array  length,  for  a  fixed  pulse 
width.  In  other  words  the  longer  the  array,  the 
longer  the  excitation  pulse  must  be  to  prevent 
rapid  deterioration  of  the  main  beam. 
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VI.  SUMMARY  AND  CONCLUSIONS 


The  results  of  this  study  have  shown  that  when 
a  large  array  is  excited  by  very  short  pulses,  with 
all  elements  of  the  array  excited  simultaneously, 
the  main  lobe  increases  in  width  and  decreases  in 
amplitude  as  it  is  scanned  off  Lores ight,  and  that 
the  sidelobes  increase  in  relative  strength.  The 
study  has  shown  that  during  the  transient  build¬ 
up  and  decay,  which  together  could  constitute  the 
entire  duration  of  the  pattern,  the  lobe  structure 
could  be  very  irregular,  when  viewed  as  a  func¬ 
tion  of  time.  For  rather  large  portions  of  the 
pattern  duration  the  main  lobe  loses  its  identity, 
side  lobes  having  attained  strengths  equal  to  it. 
There  are  limitations  to  the  minimum  pulse  dura¬ 
tion  that  can  be  applied  if  the  main  beam  is  to  be 
swept  by  varying  the  phase  angle,  with  the  pulse 
being  applied  .simultaneously  to  all  elements. 
Sufficient  time  must  be  given  for  the  main  lobe  to 
become  established,  the  minimum  time  required 
being  a  function  of  the  maximum  angle  of  bore- 
sight  to  which  the  beam  is  to  be  swept,  as  well  as 
the  array  length.  For  the  cases  studied,  a  respect¬ 
able  main  lobe  was  obtained  with  a  five  cycle 
excitation  pulse  and  the  main  lobe  sweeping 
through  20  degrees  offi  boresight.  In  this  case,  side 
lobes  during  the  decay  interval  became  undesir¬ 
ably  large.  Increasing  the  scan  angle  appreciably 
would  require  pulses  of  more  than  five  cycles 
duration. 


Other  types  of  amplitude  distributions  could 
aid  in  suppression  of  side  lobes,  which  is  desirable, 
however  they  would  not  overcome  the  difficulties 
brought  about  by  the  short  pulse  duration,  namely 
broadening  and  reduction  in  amplitude  of  the 
main  lobe. 

A  study  was  made  by  Polk3  in  which  he 
examined  transient  behaviors  of  large  arrays.  He 
applied  the  excitation  to  the  end  of  the  array  and 
obtained  results  which  showed  dependency  of  the 
transients  upon  array  length,  assuming  that  the 
excitation  is  propagated  down  the  array  at  the 
velocity  of  light.  Methods  of  excitation  therefore 
are  the  main  differences  in  the  two  studies;  how¬ 
ever,  he  did  not  encounter  the  difficulty  of  working 
with  clipped  sinusoids,  which  make  a  radical  dif¬ 
ference  when  signals  from  the  several  elements  are 
combined  at  a  point  in  space. 

It  is  concluded  that  this  method  of  excitation 
and  lobe  switching  is  feasible  but  for  any  given 
array  the  minimum  pulse  duration,  depending 
upon  the  desired  scan  angle,  must  be  determined. 
The  basis  for  this  determination  would  be  the 
amount  of  degradation  of  the  main  beam  that  can 
be  permitted.  To  some  extent,  side  lobe-levels 
could  be  suppressed  by  using  some  non-uniform 
amplitude  distribution. 
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